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Relativistic Energy and Mass in the Weak Field Limit

Sergey G. Fedosin

P.O. Box 614088, Sviazeva Str. 22-79, Perm, Russia.

Received on: 13/5/2014; Accepted on: 21/9/2014

Abstract: Within the framework of the covariant theory of gravitation (CTG), the energy is
calculated for a system with continuously distributed matter, taking into account the
contribution of the gravitational and electromagnetic fields and the contribution of the
pressure and acceleration fields. The total energy of all the fields is equal to zero, and the
system’s energy is formed from the energy of the particles, which are under the influence
of these fields. From the expression for the energy, the inertial M and gravitational m,
masses of the system are found. These masses are compared with mass m;, obtained by
integrating the density over the volume, and with the total mass m’ of the body particles
scattered to infinity in order to make the energy of macroscopic fundamental fields equal to
zero. The ratio for the masses is obtained: m’ = M < m,, = m,. From this the possibility of
non-radiative ideal spherical collapse follows, when the system’s mass M does not change
during the collapse. In addition, the mass of the system is less than the gravitational mass.
In contrast, in the general theory of relativity (GTR), the ratio for masses is obtained in a
different form: M = m, < m, < m’. In CTG, the electromagnetic field energy reduces the
gravitational mass; whereas in GTR, on the contrary, the electromagnetic field energy
increases the gravitational mass. In order to verify the obtained results, it is suggested to
conduct an experiment on measuring the change of the gravitational mass of the body with
increasing its electrical charge.

Keywords: Relativistic energy; Mass; Acceleration field; Pressure field; Covariant theory

of gravitation (CTG).

Introduction

Modern physical theories usually describe the
energy, momentum and mass of a system in
four-dimensional formalism and introduce
various 4-vectors and 4-tensors to be taken into
consideration. In order to simplify comparison of
the obtained expressions, it is convenient to turn
to such a weak field limit, that most of the
formulae could be written in the same form as in
the special theory of relativity, without loss of
accuracy. In this work, this will be done for the
covariant theory of gravitation and general
theory of relativity; particular attention will be
paid to the meaning acquired by the mass in
these theories.

Energy and Mass in the Covariant
Theory of Gravitation

We will calculate the relativistic energy for
the body in the form of a sphere with the
uniform density of mass and charge, moving at
velocity v along the axis OX of the reference
frame K. The body under consideration is a set
of identical particles moving randomly in
different directions within the specified sphere
with the radius a. We will assume that all of
these particles are held together by the force of
gravitation. In order to simplify, we will assume
that the spaces between the particles are so small
that integration over the volume of all the
particles is equivalent to integration over the
volume of the sphere. The sphere is at rest in the

Corresponding Author: Sergey G. Fedosin

Email: sergey.fedosin@gmail.com
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co-moving reference frame K', associated with
the center of mass, and the velocities of particles
in K' are equal to v' and depend on the
coordinates.

Sergey G. Fedosin

The Hamiltonian for continuously distributed
matter in the covariant theory of gravitation is
obtained from the Lagrangian with the help of
Legendre transformations. This Hamiltonian is
equal to the relativistic energy of the system and
has the form [1-2]:

1
E ZZI(p°9+p°W +p0q(p+pop) u’\J-g dx'dx’dx’ -

2

2
-] = o o p ¢
lexG * 4u, * 167 o

Here, c is the speed of light, p, is the mass
density of an arbitrary point particle in the
reference frame K ,, associated with the particle,

9 is the scalar potential of the acceleration field,
v is the scalar potential of the gravitational

field, p,, is the charge density in the reference

frame K,, ¢ is the scalar potential of the

electromagnetic field, g is the scalar potential

of the pressure field, u” denotes the timelike
component of the 4-velocity of the particle,

«J—g includes the determinant g of the metric

tensor with the minus sign, dx'dx*dx’ is an
element of the three-dimensional volume in the
reference frame K, G is the gravitational
constant, QDW is the gravitational tensor, L, is

the vacuum permeability, F,, ~ is the

electromagnetic tensor, u,, is the acceleration

tensor, fy is the pressure field tensor, 77 and

v

O are constants.

For our purposes, it suffices to consider the
expression for relativistic energy (1) in the case
when the sphere under consideration is at rest in
K . Then, all the calculations can be performed
in the reference frame K' associated with the
system’s center of mass. Let us assume that the
gravitational field is small and the covariant
theory of gravitation turns into the Lorentz-
invariant theory of gravitation. In this case, the

metric tensor g,, o longer depends on the

coordinates and is transformed into the metric
tensor of Minkowski spacetime 77, which is

S wd "

()

c2

- u u™ | \J—g dx'dx*dx’.
l6zn j &

used in the special theory of relativity. For the
case of the single fixed system, the expressions
for physical quantities are as follows:

19=cg0ﬂu”=cu0=7/'cz, u’ =u,=y'c,
2

C o om-—_1_ (r2-ca?),
16 G * 87 G
LFW Fro=-S0 B2 2B,
4u, 2

¢’ 1

uvo _ CZ_CZIZ ,

16716f”Vf 87‘[6( )

/—g -1,

¢’ 1

u" =———(S§*-c*N?), 2

Torn ™ 87”7( ) (2)

1

V' is the particle’s velocity in K', T' is the
gravitational field strength, € is the torsion
field vector, E is the electric field strength, B

is the magnetic field induction, &, is the vacuum

where the Lorentz factor is y'=

permittivity, C is the pressure field strength, I
is the solenoidal vector of the pressure field, S is

the acceleration field strength, N is the
solenoidal vector of the acceleration field.

Substituting expressions (2) into (1) gives the
following:
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E, = J.(pocz}/,"'pol// +Poq<0+/0080) y'dx 'dx *dx’ +

+I[§;%;(F2—62£f)—€§(E2—c2BZ)— !

First, we will calculate the first integral in (3).
According to [2], the Lorentz factor y' for the

particles inside the fixed sphere is function of the
current radius 7 :

' Y.
y'=——=———=sin| — /47N p j
r4zn p, (C ’

271 Py 7Y,
3

_(CZ _6212)_L(S2 _
o 8

J.pocz}/'2 dx 'dx *dx’
4z n

C}’

In (5), the mass m is the product of the
density of the particles’ mass p, by the volume

V, of the sphere which is at rest in the reference

frame K'. The origin of the factor ;/cz in (5) can
be understood from the following. The quantity
P,7. is the mass density of the particles in the
center, which can be seen in the reference frame
K. Then, PoY.V, =my.=m,
gives the mass of the particles in the sphere for

the observer in K' in the case, as if all the
particles were in the center of the sphere. It is

obvious that m, >m=p,V,.

the product

In (5), it occurs

that mczyc2 =mcc2 Y., meaning that the total

energy of the particles, increased due to the
internal motion of the particles, is regarded by

the Lorentz factor y.. The second term in (5)

appears due to the radial gradient of mean
velocities of the particles inside the sphere and
takes into account that not all the particles are
located in the center of the sphere.

The scalar potential of the gravitational field
in (3) inside the sphere, according to [2], is equal
to:

s1n( ‘/47”7/00) ~mely? ———r<
2 41/47r77p0 Sa

2N2)j dx 'dx 2dx .
N
3)

where y_ = is the Lorentz factor for

S S
velocities v, of the particles in the center of the
sphere, and due to the smallness of the argument

the sine can be expanded to the second-order
terms.

For the first term in the first integral in (3)
with regard to (4) in spherical coordinates, we
can write:

4
ey J.—sm ( ,/4nnpojr2sin0drd0d¢

®)
37]11’! 2}/2

2
2 _Ger COS( \/4m7poJ
c
Ge
——?/sm(c,MnnpoJ (6)

rnyann p,
_27Gy, py(r’ =3a’)
3 :

Based on the similarity of the gravitational
and electromagnetic fields, we can write for the
electric potential, similarly to (6):

c’y.
o, :—4— cos . 1/47177,00‘1

TENN

3

c’y.
+ < sin ,/47177/))
dreyrn,4rn p, (C v

J/L' qu (r2 _3a2)
6¢, '

~ —

()

The scalar potential of the pressure field
inside the sphere equals:
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~ oc’y, where (_ denotes the potential of the pressure
P =0~ 1 field in the center of the sphere.
3 Substituting (6), (7) and (8) into (3), taking
J"&Sin(i*ﬂ‘ﬂ-nl)oj , ® into account (4), we find:
riNJA4nn p, ¢
2mop,r'y,
¢ 3
Ipol//,. y'dx dx *dx’
G s COS(%«M”UPoj
TP Te —sin(£1/4ﬂnpojr2sianrd9d¢
n 47”7/30 _;sin(z I4ﬂnp0j r ¢
ry4rn p, c
©
4 2 %Sin(g\/“'ﬂnpoj
c
:Gcz}/C COS(E\/“”UPOJ s L sin(z—a1/4ﬂnpoj
n c (a j 2 44rnnp, c
—acos| —\/4zn p,
c
L Gmy
2a
3 2.2
[ P, v dede ~ 29 1= (10)
8re,a
jpogoy'dxldxzdx3
2 3
cy. Py ocy. oc’y, . 1. (r ) .
=—=—||fp. - + sin —1/47777pj —s1n(—1/47777p jr sinfdrd0d¢=
J4zn p, { n rnfarnp, (C ’ ]r c ’
oc’y, c . (a (a j
[ < sin| —J4rn p, |—acos| —\4xnp, ||+
_czyc ( n \Jarn p, ¢ ’ ¢ ’
n oc’y. | a c .(2a j
+ £ —— sin| —./4nnp
n 2 4faxnp, \c ’
~mpy 3T
Cyc 10a N
)
With regard to (5) and (9-11), the first
integral in (3) will equal:
[(pucy'+ poyr + Py, @+ po ) 7' dx 'dx dx?
Inm2v: 3G miv:  3q2y? 3om 22 (12)
=me’y? - nmwy. my”+q}/”+mgoc}/c—o-my"’.
Sa 2a 8re,a 10a
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The gravitational field strength and the
torsion field inside the sphere are given by the
formulae:

oD

r=—vVy-—,Q=Vx
t

D, (13)

where D is the vector potential of the

gravitational field.

The vector potential of each particle is
directed along its velocity, and due to random
directions of the particles’ velocities, the total
vector potential D inside and outside the sphere
is zero. Consequently, the torsion field will also
be zero: 2 =0. Substituting the scalar potential
(6) into (13), we find the gravitational field

I' =-Vy,

;sm( ‘/47r77p0j
Gy JAmnp, e
r3
7 —rcos( «/47”7/00j
c

4nG pyy.r
3

~ —

(14)
Taking into account (14) and the equality

Q=0 for the integral of the first term in the
second integral in (3), we have:

f

strength:
;(Fz 2_(2,.2)dx Ydx 2dx’
R 1€}
2
Ge'y? c . (r r 1
= < sin| —/47 —rcos| — /4 —dr
e J. \/47”7/00 B 1Py - 1 Po 2
(15)
Gyl | 2rnnpya \/47”7/30 ( a j (a
sin| — /4 ——sin"| —\/47
87r77 p([ 2 e c e c nPo
G m’y’
10a
According to [2], the potential of the
gravitational field outside the sphere equals:
Gy, 3nm

v " nrJarnp,

From this, it follows that the gravitational mass

of the sphere is equal to the quantity
3nm

m,=my_|1- .

& y”[ IOaCZJ

I =—Vy = Gc'y,r

’ " nr’Jdrnp,

_ AnGp,a’yxr  Gmy,r

3r° P

{sm[ 1/47z17poj —\4rnp, COS[EJ47Z'T[ Lo ﬂ r _Gmr. [1—
c c r

)

Using (13), with D=0, we find the field
strength:

10ac
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Substituting I"

Q=0, we find for the gravitational field
outside the sphere:

1

into (3), using the equation

—(F2 2!202)dx 'dx dx’
87G 16
2 .2 2 2
sz yc I%d},:Gm }/L'.
2a
The sum of (15) and (16) equals:
L(ﬁ —cQ? )dx 'dx *dx’
87G
17
=3Gm27/f (17
S5a

The calculation of the term with the
electromagnetic field in (3) is done similarly and
gives for uniformly charged particles inside the
stationary sphere the following:

—J.E—O(Ez—csz)dxldxzdx3

, (18)
3¢yl

207r$0

where the charge ¢ is the product of the charge
density Pog of an arbitrary particle in the
reference frame K , associated with the particle

by the volume ¥, of the stationary sphere.

In Minkowski space, the 4-velocity of the
stationary sphere is u, =u;, =(c,0,0,0), and
based on the definition of the total 4-potential of
the sphere’s pressure field f

—J. —(C2 ) dx'dxdx’® =

2n

6 2
oc’yl | 2znp,a AT p
—_ { 772/00 L 4 ( «/47”710())——51 (

8xn’p,| ¢

om’y!
10a

~ —

2
4 2
__oc z/c J{\/47:77p sin(f,/47mp0j—rcos( ,/47[77/30):] Lz =
0
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7, =L g = [50 nj, we find =22,
Py€ ¢ P

II=0, where p, denotes the density inside the

the scalar

stationary sphere. In this case,

potential ¢, density p, and pressure inside the
sphere p, are functions of the current radius

inside the sphere, and the equality II =0 for the
vector potential of the pressure field in this case
follows from the absence of ordered motion of
particles inside the sphere. In view of this and
(8) for g, the vectors C and I inside the

sphere are expressed as follows:

C=—Vgo—aa—rtI=—Vgo,I=VxH=0.

In case of uniform mass density p,,

calculations for the vector of the pressure
strength inside the sphere give the following:

C=-Vp

c
, ﬁsm( J47r77p0j
_ocy.r 71 Po ¢
=
7 —rcos( 1/47r77poj
c

~47rapo;/cr
3

Using this, we calculate the integral for the
pressure:

(19)

qm

)
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We have to calculate one more term in the
second integral in (3). The components of
vectors S and N for the acceleration field are
found as follows:

ou

S=-V8——, N=VxU,
ot

where the scalar potential $ and the vector
potential U are part of the 4-potential of the

acceleration field u, =(£,—Uj, which is a
c

covariant 4-velocity.

In the limit of special theory of relativity

1
uu :(cy7_v7/), where 14 :ﬁ
1_v2/02

Lorentz factor for the velocity v of the particle’s
motion. In the reference frame K', the particle’s
velocities inside the sphere are equal to v’ and
y" should be used instead of y. Then, the
potentials of an arbitrary particle will be

§=c’y', U'=v'y". We need the total

is the

potentials of the acceleration field inside thef

—J. —(52 c*N ) dx'dx dx’ =

8rn

04}/2 (2 j
—| = sin Jarnp
20 |2 4faznp, \c '
nm’y;
10a

Substituting (12), (17), (18), (19) and (20)
into (3), we find the relativistic energy of the
system:

4 pya

2,2 2,2
E, =mczyf—3nm Y. 3Gm7y,
Sa 2a
2,2
+3q V. +msocyc_3am .
8re,a 10a D
L3Gm*yl 3¢y
Sa 20meg,a
_om’y; nm’y;
10a 10a

sphere, emerging due to direct interaction of the
particles with each other and due to the influence
of fields. In case of random motion of particles,
the velocities Vv’ are directed in different
directions, and therefore, inside the sphere
U=0 and N=0. However, the total Lorentz
factor of particles y' is a function of the current
radius, and the total scalar potential 3 = c? y' is
not equal to zero. With regard to (4), for y', it
gives the following:

S=-—*Vy'

c
——sin 1/47r77pj
_clrr |4 p, (C °
==
—rcos( ‘/47r77p0j
c

ATnpyy.r
3

We will calculate the last integral:

(20)

2

(275

In [2], the coefficients ©
calculated for the case under consideration:

and 77 were

2
n=c=3G-—4__

22
dre,m’ 22

If we substitute (22) into (21), we will see
that the field energies are canceled completely.
Only the energy of particles in corresponding
fields remains:
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E, =mc’y’
b }/c Sa
3Gm2 2 3q2}/2 23
(23)
2a 871'8061
e 10a

Equation (22) fixes a definite relation
between the pressure field, acceleration field and
gravitational and electromagnetic fields. This
relation according to [2] reveals the fact that the
conserved integral 4-vector, which is the result
of integrating the equations of motion, is equal to
zero. In this case, condition (22) appears, and
within the given model the 4/3 problem is
explained.

Let us estimate the total mass of particles in
the sphere, for which, taking into account (4), we

density p, =p,7" of
particles in K’ over the sphere’s volume:

integrate the mass

mb=j poy' risin@drdOdd

4
ﬁpocy’fj.sm( 47r77p0j rdr

\/47”7/)0
e rp— j
A V4ﬁnpo$n(c e
—acos( \Jarn poj
¢

3nm
~my,|1- 1 = |-

10ac
Hence, by solving the quadratic equation, we
2

3nm,
10ac’y,
link the charge g with the charge ¢, of the

24

obtain: my, =~ m, + . Similarly, we can

sphere, which is found by the observer in K':

2
q7.=~q, +377_q2,,' We will substitute this
10ac”y,
into (23), given n =0 from (22):
3 2
E,=m,’y, -2
Sa
, , (25)
3Gm, 3q,
- + Tm, 0,
2a 8reya
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From (8), we will express the scalar potential
g0, of the pressure field in the center in terms of

the potential ¢ near the surface of the sphere,

and will consider the ratio
3
m }/c ~ mb n mb
10ac’y,
- ZEG/;OazyL, ‘o,
(26)
omy, om,
=—Ctp v—L4
2a e 2a o,

Similarly, from (4), we will express ¥, in

terms of the Lorentz factor y_ of the particles
near the surface of the sphere:

2
‘ 27)
L LY/, LU
* 0 2ac? * 2ac?

If we take into account (27) and (22) into
(24), we can specify the relation between m,

+ nm,
2ac2}/S

and m :

3nm
10ac*

m, zm}/‘q[l—
nm’
Sac

3Gm?® 3 3q°

2

mmy,+ (28)

2

~m+

Sac 207 g,ac’

Substitution of (22), (26) and (27) in (25)
gives the following:

E, =M c’
3G m}
=m,c’y — b 29
b }/s 10a ( )
3q,
+ +m
40z e, +

(29) shows that when the covariant theory of
gravitation in the weak field limit turns into
Lorentz- invariant theory of gravitation, all fields
in the system, including the acceleration field,
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pressure field, electromagnetic and gravitational
fields compensate each other so that the
relativistic energy depends only on the mass, the
energy of gravitational and electromagnetic
fields, the energy of the surface pressure and the
velocity of particles on the surface.

The scalar potential of the pressure field near
the sphere’s surface is connected with the

S

pressure by relation: @ =-—

s

, where p_ and

p, denote, respectively, the pressure and the
mass density near the surface of the sphere.
Using the relation m, = pV,, where p is the
average density with respect to the sphere’s

volume, we find: m, o . =p_ V, L p,V,. For

those massive bodies, in which we can assume
y,~1 and neglect the pressure p . on the
surface, (29) becomes a simple expression:
2 2
» 3Gmy 3q,

E ~mc — + . 30
b 10a  407g,a G0

From (29), we will express the mass of the
system consisting of the matter mass m, and the

mass of the four fields associated with this
system:

sosJ_3Gm§+ 34, 1

M=m +
b(}/s ¢ ) 10ac®  40meg,ac’

The mass M is identical, at rest and in
motion, and it is the invariant inertial mass of the
system. Above, we found from the formula for

the external gravitational potential  that the
gravitational mass of the sphere is the quantity

mg :m}/c [1_ 3nm

> J Comparison with (24)

10ac

shows that the sphere’s mass m, according to
our assumptions is equal to the gravitational
mass  m, .
inertial mass M increases relative to the mass

According to (31), the system’s

m, by the value of mass-energy of the surface

pressure, and to a certain share of the mass-
energy of the electromagnetic field, but it
decreases due to the same share of the mass-
energy of the gravitational field.

Relations between the Energies

We will compare the different energy
components that make up the total relativistic

energy (29). We will denote by Efg , Efg , Efp
and £, the energy components of the

electromagnetic and gravitational fields, the
pressure field and the acceleration field,
respectively. As the measurement unit of energy,

we will use the sum E, , of the energy
components of the electromagnetic and

gravitational fields from (17) and (18). Taking
into account (24), (19), (20) and (22), we find:

Erpe=Ep +E,,
2. 2 2. 2
6wy 3¢ | )
Sa 20rme,a
~.’aGmb2 3 3q;
Sa 207me,a
_O'mzj/c2 ~_O'm,f ——lE
Ip 10a 10a 2 /e
2 2 2
E/a:_nm }/Cz—nmbz—lE/ .
: 10a 10a 2 /#

According to (32), the energy components of
the pressure field and acceleration field are twice

less than the sum Efgg of the energy

components of the  gravitational and
electromagnetic fields and have a different sign.
As a result, the sum of field energy components
in (21) is equal to zero.

We will now consider the energy components
of the matter particles which are under the
influence of fields. We will denote these

components by E | E Epp and £ , as the

pg’ Tpe’ pa’
energy components of the particle in the
electromagnetic and gravitational fields, the
pressure field and the acceleration field,
respectively. According to (9), (10), (11), (26),
(5) and (27), we have the following:

_3szj/c2 z_?aGm,f

E = :

e 2a 2a
_3q'y. _ 3q,

" 8meya Smeya
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(33)

=m, p +E

fge

2

3nm’y,

5a

3nm,
10a

2

nm,
5a

2
=m,c’y, +E/ge

_ 2,2
E,  =mcy,
2
Nn/lbc 7/0_

=mbC2]/S +

Now, we will sum up the energy components
in (32) and (33) separately for each field:

\
3
Ege ZE/g +Efe +Epg +Epe :_EEng’
1
Ep :E/'p+Epp =m, sgs—'—EEng’ >
) 1
E,=E, +E,, =mcy, +5Efge' ) (34)

The quantity Ege denotes the sum of the

energy components of the gravitational and
electromagnetic fields, including the energy
components of the fields themselves and of

particles in these fields. The definition of £ rge

is given in (32). The sum of all the energy
components in (34) equals the relativistic energy
of the system (29):
E,=E, +E, +E,
, 1 (35)

:mbc 7/5‘ _EEfge +mb sos

If in (35) we neglect the product m, ¢ _ due
to the small pressure on the body surface and
disregard the rest energy mbc2 7,, then the
energy value remains, which is equal to:

10
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—lE :_3Gm,f N 3q;
2

W:
Jee 10a

40ms,a

In classical mechanics, in which the rest
energy is not considered, the total energy of the
gravitational and electromagnetic fields for a
sphere with uniform distribution of mass and
charge is equal to:

W :_3Gm,f+ 3q;
e 5a

207e,a

According to the virial theorem, it is
considered that the internal kinetic energy should
equal half the absolute value of the energy of

fields: Wz—%Wge. The total energy is

1

composed of the energy of fields and the internal
energy:

Wo=W,+W,, Ly
2

ge

_3G m,f N 3c]b2 (36)

10a  407egya

This shows that the total energy W in
classical ~mechanics coincides with the
relativistic energy (35), if we exclude from the
latter the rest energy and the energy of the
surface pressure. Thus, the transition is
performed of the covariant theory of gravitation
into classical mechanics. However, in classical
mechanics, it is not determined how the internal
pressure makes contribution to the mass and
energy of the system.

We will now specify how in our model the
virial theorem is realized, particularly for field
energies and particle energies. We have the

energy E o of the pressure field and the energy

E,,

these energies, according to (32), is equal to the
absolute value of the sum of energies £, of

of the acceleration field, and the sum of

the gravitational and electromagnetic fields. As a
result, the sum of fields’ energies is equal to
Zero.

The situation for the energies of particles in
fields is different. The energy of a particle in the
field in the absence of the vector potential is
defined by the product of the mass (charge) by
the scalar potential. The sum of the energies of
particles in the gravitational and electromagnetic
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fge>

fields, according to (33), is equal to —%E

the energy of particles in the pressure field is
m, gos—i-Ef o and the energy of particles in the

acceleration field is m,c’y, +E rge- From the

energy of particles in the pressure field, we can
distinguish the energy E s¢e and the energy

Efge

acceleration field. But, the sum of these energies
is 5/ 4 times less than the absolute value

5 5 )
_E :EEfgg of the sum of energies of

particles in the gravitational and electromagnetic
fields. At the same time, the excess energy of
particles in the gravitational and electromagnetic

1

equal to —EE/ge,

— from the energy of particles in the

Efge

field, which is is
compensated by the fact that the gravitational
mass energy of the system increases from M ¢’

2
to m,cy,.

Relation with the

Constant

Cosmological

In [1], we obtained a relation that connects
the cosmological constant A with the 4-
potentials of fields, which are included in the
Lagrangian:

2ckA=-2u,J"~2D J"
-24,j"-2x,J"

(37

Let us expand the products of 4- vectors:
u,J" =7p,(9-v-U),
D,J" =7p,(y —v-D),

A, J" =7py(0—V-A),
ﬂ,quu :ypo(SO_VH) .

Here, J" =p,u” is the mass 4-current;

J" = pogu
current; U, D, A and II denote the vector
potentials of the acceleration field, gravitational
and electromagnetic fields and pressure field,
respectively; and we use the approximation of
the special theory of relativity, in which

# is the charge (electromagnetic) 4-

u" =(77€, }7V), where ;9=;, vV is

l—vz/ c’
the velocity of motion of the body’s arbitrary
particle.

Let us consider the situation in the reference
frame K', which is stationary relative to the
body in question. In K’ the particle velocities
are equal to V' and the Lorentz factor

1
!

As aresult, (37) can be rewritten as follows:

—ckA=y'p,(§—V'-U)

should be used instead of y.

+! _V"D
}/'po(l// , ) ' (38)
+7 Py, (@—V'-A)
+7'p0(SO_V,'H)

In relation (38), the cosmological constant A
has its own value for each particle of the body.
We intend to integrate (38) over the volume of
the body in the form of a fixed sphere, which is
filled with moving particles as tightly as
possible, and which has uniform density of mass
and charge in the entire volume of the sphere. In
the absence of general rotation or directed matter
flows, the particles’ velocities v’ are directed
randomly in different directions. Then, after
integrating (38), the contribution of vector
products containing v' will be zero, and the total
vector potentials U, D, A and II inside the
sphere will be zero as well. Therefore, the
integral of (38) over the volume is as follows:

—J-ckAabclabczabc3 =m'c?

_ILMPOSW'/JW

, , dx 'dx *dx’
TV Pog @ TV Pos?

The quantity —ckA in our opinion is the
energy density of each particle, and the integral
of this density over the volume gives a certain
energy constant m'c®, which is associated with

all the particles of the system. In the right side of
the equation, there is the integral that we have
already calculated in (12). With this in mind, we
can write:

11
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2,2
m,cz:mczycz_-’"]m Y.
Sa
3G 2,2 2,2
_3Gm7yl 397y, (39)
2a 8reya
e 10a

If we compare (39) with (21), we see that the
quantity m'c® is part of the relativistic energy
E, of the system and denotes the sum of energy
components of the particles under the influence
of fields. The energy E, also includes the

energy components associated with the fields
themselves. But according to (23) in case of a
spherical body, all these components cancel each
other. Therefore, we can assume that for a sphere

E =Mc*=m'c®> and M=m'.

In (39), the mass m' is some constant mass,
which denotes the total mass of body particles,
excluding the contribution from the mass-energy
of macroscopic fields associated with this body.
If we divide the total body matter by particles
and scatter them from each other to infinity, then
for the matter at rest there will be no
electromagnetic ~ and  gravitational  fields
associated with the interaction of these particles
with each other. There will be no internal
pressure from the particles’ influence on each
other. In this case, with regard to (38) written for
a single particle, the mass m’ will consist of the
total mass of all the particles in view of the
energy of particles’ proper fields, the energy of
their internal pressure and the internal kinetic
energy. We considered such mass in [4] as the
total mass of the body parts, scattered from each
other and located at infinity at zero absolute

temperature. At infinity, ' =1, 9 = ¢” and then
the system’s mass M turns into the mass m'.

From (29-30), it follows that the system mass

is less than the body mass: M <m,, and the
body mass m, is equal to the gravitational mass
m, . Since the mass m' is constant and

associated with the cosmological constant, and
M =m', it turns out that the gravitational mass
m, =m, of the system in (29) can change,
when in the system there is a change in the
energy of the pressure field or the energy of the

12
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electromagnetic and gravitational fields. From
(28), we find that m<m,, and M is in the

middle between m and m, . As a result, the ratio
of the masses is as follows:

m<m'=M<m,=m,. (40)

Discussion of Results
The Masses

According to (40), in the weak field the
inertial mass M of the system in the form of a
sphere with particles, taking into account the
field energies, the internal pressure and the
internal kinetic energy, can be described either
by formula (29) or by the system mass m' from
(39). The equality M = m' means conservation
of the system’s energy, regardless of whether the
system’s parts are at infinity and do not interact
with each other, or these parts come into close
contact and form a coupled system. This is
possible in case of ideal spherical collapse, when
there are no emission and matter ejections from
the system at any stage of the collapse or the
matter accumulation. We discussed this question
in [2] in connection with the problem of energy
in spherical supernova collapse. There, we
explained the possibility of low energy emission
by neutrinos based on the fact that almost all the
work of the gravitational forces during the matter
compression can come on increasing the kinetic
energy of the stellar matter motion and the
pressure energy, as well as on creating the
internal pressure gradients and particle’s
velocities.

Earlier in [5], we found the expression for the
masses, which differs from (40):
m' <M <m=m, =m,. We can explain this by
a different accepted gauge of the cosmological
constant — in this paper we use the formulae
obtained with the gauge according to [1] — which
differs from the gauge in [5]. Also, we are
currently using for analysis another physical
system in the form of a sphere, consisting of a
set of particles moving inside the sphere, which
are held together by gravitation. In such a
system, inevitably there is difference between

the masses m and m, as a consequence of the
radial gradient of the Lorentz factor y' inside
the sphere and as a consequence of the

difference between the density p, of the
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particles in the reference frame Kp and the

density p, of particles from the standpoint of

the reference frame K', associated with the
system’s center of mass. The mass m in (40) in
its meaning has technical nature, since it is
determined only mathematically by multiplying

the density p, by the sphere’s volume. We will

note that the density p, is included in the

system’s Lagrangian with the 4-vector of the
gravitational (mass) current density in the form

J* = p,u”. The density p, is also included in

the equation of motion of a point particle and in
the field equations in [1].

According to (29) and (40), the mass m, is

greater than the mass M . This means that the
gravitational mass of the system is always
greater than the inertial mass of the system by
half of the absolute value of the gravitational and
electromagnetic field energy minus the mass-
energy of the surface pressure.

According to (40), the gravitational mass 1,

is also greater than the mass m' of the system’s
parts, scattered to infinity. We can explain this in
the following way. As we know, for a ball, the
absolute value of the potential energy of the
gravitational field is equal to the total work on
the matter transfer from infinity to the surface
and inside the ball. It is assumed that the ball is
formed by gradual growth due to layering of
spherical shells as the matter is transferred. But,
beside the fact that the matter is transferred from
infinity inside the body, which results in an
increase of the absolute value of the potential
energy of the body’s gravitational field, the force
of gravitation performs other actions; it increases
the kinetic energy of the particles inside the body
as well as the energy of the particles’ pressure on
each other and creates the gradients of pressure
and kinetic energy of the particles inside the
body. All these types of work of the gravitation
force on the body formation increase the body

mass from m' to m, . The main contribution to
the gravitational mass increase is made by the
emerging motion; at infinity the particles were
stationary, but inside the body the particles move
at velocities v' .

If we consider the virial theorem, connecting
half the absolute value of gravitational and
electromagnetic energies with the internal energy

of the body, then it turns out that half of the
work of the gravitational and electromagnetic
fields on the body formation is transformed into
the internal energy of the body. The total energy
W of the body, according to (36), is negative
and with the help of it (35), (39) and (29) can be
written as follows:

E =Mc=m,’y +W+m,p, =m'c’. (41)

Since W is equal to half the sum of the
gravitational and electrical energies, then we can
see that half of the work of the gravitational and
electromagnetic fields on the body formation is
transformed into the mass increase from

M =m’ to the value m, =m, .

From the virial theorem, the approximate
equality follows between the absolute value of
the total system’s energy W (36), the internal

body energy W, and the binding energy, if we

1

define it in (41) as the difference between the
rest energy m,c’y +m, g, for the mass m,
and the rest energy of the initial state at infinity
m'c®. However, in usual interpretation of the
binding energy it is not so, since the binding
energy is defined as the difference between the
total energy of the individual parts of the system
and the energy of the system made up of these
parts into a whole. This definition of the binding
energy in this case gives us the relation:
m'c* =M c* =0; ie., in case of ideal spherical
collapse, the system’s energy at the beginning
and the end of the process is the same and the
binding energy is equal to zero. Despite the
equality of the binding energy to zero, the
system does not fall apart, because the masses
are always attracted. The total energy W (36) of
the system remains negative.

The invariant mass M of the system is the
measure of inertia of the system as a whole and
the measure of the relativistic energy of the
system. This means that the system’s
acceleration under the influence of forces should

depend on the mass M . The mass m, can be
calculated as the integral of the density p, over
the volume of the sphere. The gravitational mass
m, is equal to m, and can be determined by

means of gravitational experiments near the
body on the gravitational effect on the test
bodies. According to (31), at an infinitely large

13
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radius of the body, the mass of the spherical
system M =m' becomes equal to the

gravitational mass of the body (m,=m,),.

Equation (31) can be regarded as the quadratic
equation to determine the gravitational mass m,

depending on the body radius a, on its electrical
charge ¢, and the total mass of the fixed parts of

this body m'=M, when these parts are
motionless and infinitely distant from each other:

1 3q;
m, M — £l = |-
£ 407 e, ac
2

Vst
c
Energies and Masses in the General Theory of
Relativity

In the general theory of relativity (GTR), the
system’s mass M 1is considered to be less than
the total mass of the body’s parts m' [6-7]. In
GTR, there is gravitational mass of the system
from the standpoint of a distant observer,
calculated as the volume integral of the sum

nM, +e, where n is the concentration of
matter nucleons, M, is the mass of one

nucleon, e is the density of the body’s internal
mass-energy [8]. The inertial mass of the system
is also considered, which is calculated with the
volume integral of the timelike component of the
stress-energy tensor, which is then divided by
the square of the speed of light and equated to
the gravitational mass based on the principle of
equivalence. Accordingly, to determine the
system’s mass M we need either to know the
internal energy of the body which is not
precisely known, or use the stress-energy tensor,
which however does not include the gravitational
field energy in principle. The latter is due to the
fact that in GTR the gravitational field is
understood as a metric field and is described by
the stress-energy pseudotensor. As a result,
calculation of the relativistic energy and the
system’s mass in GTR is much more difficult
and involves a number of conditions. For
example, for calculating the energy the
coordinates of the reference frame at infinity
should transfer into the coordinates of
Minkowski space.

The mass of the system, with regard of the
gravitational and electromagnetic  fields,
according to [6] and [9], in GTR in the weak
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field in our notation relative to the mass, density
and radius of the body is equal to:

jTOOdV M

1 p,c’+p, 11+ p,y
=— dv

1 1 o
¢ +prv +Phq§0_580E

(42)
=m +LE _M
Pt TR sge?

3q; 1
2 Ty,
20zg,ac’ ¢’ Ipb

where 7% is the mass tensor, turning after
multiplying by the square of the speed of light
into the stress-energy tensor of the system; the
body mass m, = .[pb dv; p, and p, are the
density of mass and

charge, respectively;

1 . o .
E, =Ejpb v dV is the kinetic energy; IT is

the pressure energy per unit mass, and the case
of uniform density is considered.

In [6] also the invariant mass density p° is

used, which implies such mass density, which
does not change under the influence of the
pressure or gravitational field. It is assumed that

such invariant density p° is part of the
continuity relation in the curved spacetime:
0,(\—gpu”)=0, here g is the determinant
of the metric tensor, u” is the 4-velocity. We

will note in this regard that in the covariant
theory of gravitation, the continuity relation is

written not for p* but for p, [1], and p, can
vary and depend on any factors, including the
pressure and gravitational field.

In the weak field for the fixed body in GTR
may be written:

2
. 12 3y
P =pb[l—g+c—2J. (43)
We will assume that
2 2
E =39 3% 4 it should be
10ac™ 40reg,ac

expected due to virial theorem. If we substitute
(43) into (42), we obtain the relation:

m*<M<mb, so that the mass M of the
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system is greater than the mass m = .[ p dv.

After substituting (43) into (42), we obtain the
expression for the mass-energy of the system,
which is similar to those presented in [7] and
[10] (in contrast to [6], in [10] p is an invariant

density and p° denotes the mass density
corresponding to our density p, ).
We will assume that the mass of the system in

(42) according to GTR is calculated precisely
and is equal to our mass of the system in (31):

2
M=m, +tpg, _8G™

2
C

2
Sac

2
1
+L+—2jpbndlf
C

207 g,ac’
o 3Gm? (44)
s mb
m,,(}/s czj 10ac?
34,
407 g, ac’

From the left side of (44), we see that in GTR
the gravitational energy is included in the
equation with the increased weight relative to the
electromagnetic energy, and in the right side
both energies have the same weight due to the
similarity of equations for the fields. This is due
to the fact that in GTR the gravitational field is
replaced by the effect of the action of the metric
field of the metric tensor. As a result, the entire
metric  contains  gravitation and  the
electromagnetic field and pressure remain
independent.

s

If we neglect the contribution of y +="- to
c

(44) and consider this quantity as a unity, then

with regard to the expression

3Gm, 3q.
= ;’ — 9 > from (44), we can

10ac™ 40reg,ac

estimate the pressure energy in GTR:

3Gm;
[p,1ay ===
Sa

In (42), the mass M of the system due to the
equivalence principle is considered equal to the
gravitational mass. This means that in GTR a
charged body increases its gravitational mass.

Based on the statement above, the ratio of
masses in GTR is as follows:

m*<m<M=mg<mb<m', (45)

where in the first approximation m'= Nm,
(here N is the number of nucleons in the body,
m,, is the mass of a nucleon), M =m'-W, (M
is the mass of the system in the form of the body
and its fields, W, is the internal energy in (36)),
the mass M is equal to the gravitational mass
m, , the mass m’" is determined by the integral

over the volume of the invariant density p°
(43), the mass m, is calculated by integrating

over the volume of the body density p,, and the
mass m is determined by us in (28) with the
help of m, and has technical nature.

If the mass of the system decreases from the
value m' to M , then there is excess energy of

the order of W.. In GTR, the collapsing system

must radiate this energy, so that the ideal
spherical non-radiating collapse in GTR is
impossible [8].

As we can see, relation (45) for the masses in
GTR differs significantly from relation (40) for
the masses in the covariant theory of gravitation.

Conclusion

According to (32), the total energy of the
gravitational and electromagnetic fields summed
up with the energy of the acceleration field and
the energy of the pressure field inside the
spherical body is equal to zero. During the body
formation, distribution of energies of the body
particles takes place in the potentials of all the
four fields. This leads to the kinetic energy of the
motion of particles, to the internal pressure and
the energy of particles in the gravitational and
electromagnetic fields.

The difference of our approach from the
results of GTR is that the mass of the system in
the ideal spherical collapse does not change,
m' = M . Really, if at the beginning of the ideal
collapse the spatial component of the total 4-
momentum of the particles falling on the center
of mass is equal to zero due to the spherical
symmetry, the same will take place at the end of
the collapse, so that the mass-energy, which is
part of the time component of 4-momentum,
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may be conserved. However, the gravitational
mass m, is greater than the mass M of the
system, since the state of the particles changes;
they start moving inside the system and exert
pressure on each other. Besides, the particles
acquire additional energy in the internal fields.

If the system contains the electromagnetic
field, its influence on the mass m, is opposite to

the influence of the gravitational field; i.e., the

Sergey G. Fedosin

field reduce the
gravitational mass m, . We can calculate that ifa

electromagnetic must

body with the mass of 1 kg and the radius of 1
meter is charged up to the potential of about 5
megavolt, it must reduce the gravitational mass
of the body (not including the mass of the
additional charges) at weighing in the gravity
field by 107" mass fraction, which is close to
the present day accuracy of mass measurement.
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Introduction

Although Mediterranean countries are diverse
in  their socio-economic development,
infrastructure, climate and water availability, the
region as a whole is undergoing rapid social and
environmental changes which may harbor
negative implications for future sustainability
[2]. Water scarcity is anticipated to become an
even greater regional problem in the near future,
as the population grows and climate change
potentially makes precipitation more uncertain
and variable. Jordan, in particular, has already
one of the lowest levels of water resource
availability per capita in the World. Management
of water resources is therefore a key issue facing
national government authorities [3, 4].

In July 2013, Jordan began pumping water
from the southern fossil aquifer of Disi. A $990
million project started in 2009 which involves
digging 55 wells and piping water supplies 325
kilometers to the capital city Amman, as well as
to other governorates in the country. The

* A new analysis of the Vengosh et al. [1] data.

lifespan of this non-renewable water conveyance
project is estimated at 20-30 years, if abstraction
rates are kept at around 100 mcm each year. The
project hence provides a provisional solution to a
long-term problem, but provides Jordan with
enough time to consider other options like
desalination [3]. Therefore, the Disi resource is
of vital importance to the country, especially
amid the unrest in the region which imposes
direct multifold impacts on Jordan, one of which
is related to hosting significant numbers of
refugees.

In 2009, a study by Vengosh et al. [1] was
conducted aiming at understanding how salinity
is correlated with radioactivity in groundwater,
to evaluate the sources of radium in the Disi
aquifer, to investigate the possible mechanisms
of radium mobilization from the host aquifer
rocks and to evaluate the impact of this
phenomenon on future water utilization from
similar aquifer basins in the Middle East.

Corresponding Author: Saed Dababneh
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Though the high radium content in the Disi
aquifer in Central Jordan is hypothetically
correlated to its high salinity, Vengosh et al.
noticed that the corresponding high radioactivity
in the Rum Group is associated with low-saline
groundwater. In addition, this finding cannot be
explained by anomalous radium content in the
host aquifer rocks which are not different from
those of other worldwide sandstone rocks.

The study ultimately revealed the Disi water
to be highly radioactive, thus surrounding the
Disi conveyance project with controversy. The
paper [1] reported the combined **°Ra and ***Ra
activities to be much higher than international
drinking water standards. The reported data
raised concerns over the safety of Disi and
similar nonrenewable groundwater reservoirs,
intensifying the already severe water crisis in the
region. That important paper was cited in
different reports [e.g. refs. 5-8] in addition to
local and international media and became the
focus of attention for a continued debate over the
indispensable Disi conveyance project.

The activity concentration of three o-emitting
isotopes of radium; namely *******Ra, in
addition to the B-emitting ***Ra, were measured
by Vengosh et al [1] in thirty-seven
groundwater samples collected, at different
dates, from wells in the sandstone Disi aquifer.
The study covered the Rum Group aquifer [9],
the Khreim Group in Disi-Mudawwara [10] and
areas in Central Jordan. The current work aims at
a further analysis of the same raw data reported
in Table 1 of the Vengosh et al. paper. In
addition to radioactivity concentration, this work
evaluates the committed effective annual dose
from the four radium isotopes measured by
Vengosh et al.. The results are then discussed in
the framework of national and international
guidelines and standards. The associated risks
are finally assessed.

Results and Discussion

The hydrogeological nature of the Vengosh et
al. [1] study did not require the calculation of the
corresponding effective dose delivered to
consumers. Therefore, Table 1 of the Vengosh et
al. paper only lists the measured activity
concentration (in Bgq/l) for the four radium
isotopes. Although the table compares these
activity  concentration  values to  the
corresponding international requirements and
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guidelines, no dose calculation at that stage was
implied by the objectives of the study.

In order to complement that earlier research,
the quantity of interest in this work becomes the
committed effective annual dose. It is calculated
from the individual radionuclide concentration
and the corresponding dose coefficient [11] for
adults, assuming annual consumption of 730
liters [12]. The total dose is calculated as:

DT()ml (mSV / a) =
ZDi(mSv/a)z (1)

D" A(Bqll)x730(1/a)xC,(mSv/ Bg),

where D; is the dose from a given isotope i, 4; is
the activity concentration for each isotope as
measured by Vengosh et al., while the dose
conversion coefficients C; (Table 1) are obtained
from the International Commission on
Radiological Protection ICRP 2012 report [11],
which are also adopted by the World Health
Organization [12]. These dose coefficients
account for radiation and tissue weighting
factors, in addition to relevant metabolic
information.

TABLE 1. The dose conversion coefficients for
the four radium isotopes [11].

Isotope C; (mSv/Bq)
**Ra 1x10*
**Ra 6.5x10°
*%Ra 2.8x10*
**Ra 6.9x10™

Data in Table 2 of this work was calculated
using the corresponding data in Table 1 of
Vengosh et al.. For each of the investigated
wells, regular font data in the table are related to
activity concentration, while bold font data are
dose-related values. Private communication with
the Water Authority of Jordan WAJ indicated
that water currently pumped from the wells
arrive at the reservoirs after a minimum period
of 2.7 days. Though this period does not include
an additional time to reach households through
the distribution network, the 2.7 days period was
adopted for a conservative estimate of the decay
of the relatively short lived radium isotopes;
namely 2Ra and **'Ra, with half-life times 7
of 11.435 and 3.66 days [13], respectively.
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Obviously, no significant decay is expected for
the other two isotopes (T12(**Ra)=1600 years
and T,,(***Ra)=5.75 years [13]). Consequently,
the activity concentration values in Table 2
(regular font) for **Ra and ***Ra differ from the
corresponding values in Vengosh et al.. In
addition to these activity concentration values 4,,
the corresponding dose from each isotope D;
(Eq. 1) is also tabulated in boldface.

It is evident that though the relative
contribution of ***Ra (a progeny of the relatively
high abundant *’Th) to the total activity
concentration, and in general to the gross alpha
activity, is significant (Table 1 in Vengosh et
al.), its short half-life together with its relatively
small conversion coefficient C; (Table 1) cause
its contribution to the total dose to diminish
(Table 2 and Fig. 1). In addition, the activity
concentration of **’Ra, being a progeny of the
much less abundant *°U, is obviously small.
This fact, together with its short half-life and
relatively small C;, yield a negligible
contribution of this radium isotope to the total
dose (Fig. 1). Table 2 and Fig. 1 reveal the fact
that ***Ra, being a progeny of **Th with long
half-life and large C; dominates in terms of its

contribution to the total dose. Finally, “Ra, a
daughter in the **U decay series, contributes
significantly to the total dose for reasons
qualitatively similar to those related to ***Ra, but
with quantitatively smaller effect. In the above
discussion, the half-life affects the dose in terms
of the decay during the period between water
withdrawal and consumption. On the other hand,
the four radionuclides under consideration have
the same biological half-life, and the reverse
effect of decay half-life is accounted for by the
dose conversion factors C;.

The total activity concentration (in the
reservoirs) and the corresponding dose value are
calculated and listed in the seventh column of
Table 2. The activity concentration screening
levels of 0.5 Bq/l for gross alpha activity and 1
Bq/l for gross beta activity as set by the WHO
[12] are obviously exceeded. Consequently, the
dose from individual radionuclides should be
considered (Fig.1). The total dose from the four
Ra isotopes for each Disi aquifer group are
histogrammed in Fig. 2. Obviously, the dose
from the Rum Group as well as from Central
Jordan wells is high compared to the 0.1 mSv/a
recommended in the WHO Guidelines [12].
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FIG. 1. The dose contribution of the four radium isotopes for each of the Disi aquifer groups. A conservative delay period of
2.7 days for water pumped from each well to reach the collection/mixing reservoir has been assumed.
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In addition, and since consumption of radium
in drinking water increases the risks for bone
cancer and leukemia, it is important to note that
“many” Rum-group wells exceed the derived
concentration of 0.5 Bq/l (or 1 Bg/l) for *°Ra
and “most” Rum-group wells exceed the derived
concentration of 0.2 Bg/l (or 0.1 Bg/l) for ***Ra,
as set by the European Union [14] (or in the
WHO guidelines [12]). The combined ***Ra and
**%Ra activities also exceed the US-EPA limit of
5 pCi/l [15]. Consequently, the committed
effective  annual dose from individual
radionuclides should be considered (Fig.1).
Obviously, the annual dose from the Rum-Group
as well as from Central Jordan wells is high
compared to the 0.1 mSv/a recommended in the
WHO Guidelines. It is worth mentioning that in
October 2013, the European Union [14] adopted
the same WHO guideline value of 0.1 mSv/a.
The above mentioned guidelines on activity
concentration of 1 Bg/l and 0.1 Bg/l for *°Ra
and **Ra, respectively, are derived from this
recommended dose of 0.1 mSv/a.

Nevertheless, the very same WHO report
emphasizes the fact that "it is essential that each
country reviews its needs and capacities in

_WHO Jordan

Australia

developing its regulatory framework". It also
mentions that no international standards for
drinking water quality are promoted for
adoption, the main reason being "the advantage
provided by the use of a risk-benefit approach,
qualitative or quantitative, in the establishment
of national standards and regulations".
According to the report, the guidelines provide a
scientific point of departure for mnational
authorities to develop drinking water regulations
and standards appropriate to the mnational
situation. In particular, Chapter 9 of the WHO
report that particularly discusses radiological
aspects emphasizes that "screening levels and
guidance levels are conservative and should not
be interpreted as mandatory limits. Exceeding a
guidance level should be taken as a trigger for
further investigation, but not necessarily as an
indication that the drinking-water is unsafe". The
WHO report also emphasizes the fact that
background radiation exposures vary widely
across the Earth, but the average is about 2.4
mSv/a, with the highest local levels being up to
10 times higher without any apparent health
consequences; 0.1 mSv therefore represents a
small addition to background levels.

Unconfined Rum

4 4

Jm-l — T

Confined Rum

24 ‘ I
I S—— :

Khreim

T T T T T T T T T

Central Jordan

0.2 0.4 0.6 0.8
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Annual dose (mSv/a)
FIG. 2. A histogram of the radium dose from each well in the four Disi aquifer groups, compared to the WHO,

Jordanian and Australian guidelines and standards.

In this context, the Australian National Water
Quality Management Strategy report; namely the
2011 Australian Drinking-Water Guidelines
[16], recommends a guideline dose of 1 mSv per
year to be applied for radioactivity in drinking

water. This is ten times the corresponding 2011
WHO value of 0.1 mSv/a [12]. The Australian
document does not consider its recommended
dose as a mandatory limit, but when exceeded, a
decision on the need for and the degree of
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remedial action should be based on a cost-benefit
analysis, and there may be circumstances where
there is no practical alternative but to accept a
dose that exceeds the guideline dose of 1 mSv/a.
The Australian guideline value is based on

Saed Dababneh

earlier studies [17,18] on drinking water quality
in areas dependent on groundwater. In Jordan,
however, a mandatory regulation sets a standard
of 0.5 mSv/a [19].
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FIG. 3. Average radium dose according to two mixing models with non-Disi water with a conservative 0.15 mSv

annual dose [6].

Therefore, in addition to the WHO guideline,
both Australian guideline and Jordanian standard
values are indicated in Figs. 1 and 2. The
average dose from each group, together with its
uncertainty, are depicted in the white column of
Fig.3 (see Table 3). Water from the Khreim
group could comply with the conservative WHO
recommendation when the other less significant
radionuclides are accounted for, while the
average dose from Central Jordan wells could
satisfy the Jordanian standard. The unconfined
and confined Rum groups slightly exceed the
Jordanian dose limit and the Australian
guideline, respectively.

Needless to say, water treatment could
considerably reduce radium concentration and
hence the associated dose to levels well below
the Jordanian standard. An alternative cost-
effective solution is to develop a crude model for
blending Disi ground-water with e.g. surface
water in a reservoir in e.g. Amman. This is
intended to provide an assessment, at least
qualitatively, about the effectiveness of such
mixing on reducing the dose in drinking water
delivered to consumers. To make this model as
conservative as possible, a dose value of 0.15
mSv/a will be adopted for the non-Disi resource
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[6]. Mixing ratios of Disi:Non-Disi =1:1 and 2:1
are considered (Table 3) and depicted in the
shaded and gray columns of Fig. 3, respectively.
According to such conservative models, a dose
of less than the WHO guideline is definitely not
achievable. Nevertheless, blending can reduce
the dose well below the Jordanian standard.

Associated Risk Assessment

The linear-no-threshold LNT hypothesis [20-
22] assumes that the demonstrated relationship
between radiation dose and adverse effects at
high levels of exposure can be linearly
extrapolated to low levels relevant to drinking
water, hence providing the "deliberately
conservative" basis of radiation protection
standards. Some evidence suggests that there
may be a threshold below which no harmful
effects of radiation occur. However, this is not
yet accepted by radiation protection bodies as
sufficiently well proven to be taken into official
standards. Hence, the rather conservative LNT
hypothesis is adopted in this assessment. Using
LNT, the International Commission on
Radiological Protection ICRP estimates the
lifetime risk of a fatal cancer resulting from
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exposure to radiation to be 5x107 per Sv of
annual radiation dose [16,23,24]. Fig. 4 depicts
this linear relation in the relevant dose region of
this study. On the basis of this estimate, a dose
of 0.1 mSv per year gives a lifetime risk of about
five additional fatal cancers per million people.
The term "additinal fatal cancers" means
incidences that occur in addition to those
resulting from all other causes. The above
discussion concentrated only on fatal cancer

risks. The WHO documentation [12], on the
other hand, considers the nominal probability
coefficient for radiation-induced stochastic
health effects, which include fatal cancer, non-
fatal cancer and severe hereditary effects for the
whole population to be 7.3x10” Sv’' (which also
refers to ICRP). Multiplying this by the annual
dose yields the dashed line in Fig.4.
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FIG. 4. Lifetime fatal cancer risks as well as all stochastic radiation-induced health effects per million people as
a function of the annual radiation dose. Obviously, the conservative LNT hypothesis has been adopted. In
calculating the average dose from pure Disi water, as well as for the two blending models, the Central Jordan
wells have been excluded (Table 3), since water is assumed to be pumped from Rum- and Khreim-like wells.

It is worth emphasizing here that this study
includes only radium isotopes. However, some
guidelines and standards exclude radon and
radon progeny, tritium, '*C and *°K from the
calculation related to the limit of the total
ingested dose. Among radon daughters, the -
emitter 2'’Pb and a-emitter *'°Po with C; values
of 6.9x10" mSvBq' and 1.2x10° mSvBq",
respectively, are worth particular attention.
Though their dose conversion coefficients are
high, being progenies of the gaseous radon, their
corresponding  activity  concentration  is
remarkably low compared to radium in
abstracted groundwater [7, 25]. The isotopic
species in the natural decay series that belong to
the elements thorium and protactinium can be
neglected when groundwater safety is discussed,
since both elements exhibit very poor aqueous
solubility [26]. Uranium isotopes have relatively
small C; values [11]; namely 4.5x10° mSvBq"
for 2*U and 4.9x10° mSvBq' for its grand-

daughter ***U (compare Table 1), and **U is
poorly abundant. In general, uranium chemical
toxicity is addressed separately.

Nevertheless, a comprehensive rigorous risk
assessment should include all radionuclides; the
above cited literature [e.g. ref. 7] indicates a
possible conservative contribution of isotopes
other than radium of about 5% to 25% to the
total effective dose. Of particular importance is
1% [27]. Age-related doses should also be
considered in a more comprehensive risk
assessment. Finally, risk assessment should
consider all radiological, chemical and biological
factors, balanced against risks associated with
deficiency in water supplies.
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Conclusions and Recommendations

This work has been motivated by the
necessity to provide further analysis of the data
published by Vengosh et al. [1]. Though the
author prepared a short comment on that paper,
which has been recently published in the same
journal [28], this work provides a more
comprehensive analysis and discussion than
provided in that short correspondence [28].

The results of this work reveal the
radiological quality of the indispensable Disi
drinking-water to  be  satisfactory  for
consumption in a water-poor part of the World,
if risks are carefully managed. Blending ratios
should take into consideration any possible
buildup of the non-mobile ***Th in the system,
which could affect the ***Ra concentration.
Continuous and routine monitoring, including

Saed Dababneh

sample collection and measurement, is essential
to ensure compliance with the local standards.

Transparency in the governmental water
policies psychologically enhances the public
acceptance. Practically, decision on blending
ratios should always take into consideration the
importance of reducing risk as much as
reasonably achievable. However, the availability
and quality of surface water, to a given blending
reservoir, could be a limiting factor. Water
treatment facilities, if found feasible, should be
considered locally in regions with limited
availability of surface water resources. Proposals
for water desalination in the Gulf of Aqgaba,
which is intended to provide a more sustainable
supply, can be considered as a future resource
for blending which can take place on-site in the
south, thus eliminating the necessity for regional
blending. This scenario enables freeing surface
water resources to be available to other usage.

References

[1] Vengosh, A., Hirschfeld, D., Vinson, D.,
Dwyer, G., Raanan, H., Rimawi, O., Al-
Zoubi, A., Akkawi, E., Marie, A., Haquin, G.,
Zaarur, S. and Ganor, J., Environmental
Science and Technology, 43 (2009) 1769.

[2] Iglesias, A., Garrote, L., Diz, A,
Schlickenrieder, J. and Martin-Carrasco, F.,
Environmental Science and Policy, 14 (2011)
744.

[3] Jaber, J.O. and Mohsen, M.S., Desalination,
136 (2001) 83.

[4] World Health Organization, HELI Technical
Advisory Group in Jordan, Accessed in
September 2013.
http://www.who.int/heli/pilots/jordan/en/.

[5] Upson, S., Spectrum IEEE, 46 (2009) 13.

[6] Al-Amir, S.]M., Al-Hamarneh, L.F., Al-Abed,
T. and Awadallah, M., Applied Radiation and
Isotopes, 70 (2012) 692.

[7] Bonotto, D.M., Applied Radiation and
Isotopes, 69 (2011) 1572.

[8] Szabo, Z., dePaul, V.T., Fischer, J.M.,
Kraemer, T.F. and Jacobsen, E., Applied
Geochemistry, 27 (2012) 729.

[9] Lloyd, J. and Pim, R., Journal of Hydrology,
121 (1990) 1.

26

[10] El-Naser, H. and Gedeon, R.,
TECDOC, 890 (1996) 61.

IAEA-

[11] Compendium of Dose Coefficients based
on ICRP Publication 60. ICRP Publication
119. Ann. ICRP 41 (Suppl), The
International Commission on Radiological
Protection, (2012).

[12] Guidelines for Drinking-water Quality,
Fourth Ed., World Health Organization,
(2011).

[13] Chu, S., Ekstrom, L. and Firestone, R.,
WWW Table of Radioactive Isotopes, The
Lund/LBNL Nuclear Data Search, Version
2.0, 1999, accessed in September 2013.
http:/mucleardata.nuclear.lu.se/toi/index.asp.

[14] Council Directive. Laying down
requirements for the protection of the health
of the general public with regard to
radioactive substances in water intended for
human consumption (2013).
http://register.consilium.europa.ew/pdf/en/13/st07/st
07445-re03.enl3.pdf.

[15] United States Environmental Protection
Agency  US-EPA. Drinking ~ Water:
Radionuclides Rule (2001).
http://water.epa.gov/lawsregs/rulesregs/sdwa/radio
nuclides/compliancehelp.cfm.



Dose from Naturally Occurring Radium Radioactivity in Abstracted Disi Fossil Groundwater

[16] Australian Drinking Water Guidelines 6,
Volume 1, Australian Natural Resource
Management Ministerial Council, National
Health and Medical Research Council:
Canberra, Australia, (2011).

[17] Recommendations for limiting exposure to
ionizing radiation, Radiation Health Series
No. 39, Government Publishing Service,
Canberra, NHMRC National Health and
Medical Research Council: Canberra,
Australia, (1995).

[18] Lokan, K., Radiation
Australasia, 15 (1998) 11.

[19] Technical Regulation (Mandatory)
286/2008 on Water - Drnking Water (in
Arabic), Jordan Standards and Metrology
Organization: Amman, Jordan, (2008).

[20] Tubiana, M., Aurengo, A., Averbeck, D.
and Masse, R., Radiat. Environ. Biophys., 44
(2006) 245.

[21] Brenner, D.J. and Sachs, R.K., Radiat.
Environ. Biophys., 44 (2006) 253.

[22] Breckow, J., Radiat. Environ. Biophys., 44
(2006) 257.

Protection in

[23] Annals of the ICRP, Publication 103, The
2007 Recommendations of the International
Commission on Radiological Protection, The
International Commission on Radiological
Protection, (2007).

[24]Report of the Committee Examining
Radiation Risks of Internal Emitters
(CERRIE), London, 2004, accessed in

September 2013. http://www.cerrie.org/.

[25] Bonotto, D., Caprioglio, L., Bueno, T. and
Lazarindo, J., Radiation Measurements, 44
(2009) 311.

[26] Schubert, M., Schuth, C., Michelsen, N.,
Rausch, R. and Al-Saud, M., International
Journal of Water Resources and Arid
Environments, 1 (2011) 25.

[27] Walsh, M., Wallner, G. and Jennings, P.,
Journal of Environmental Radioactivity, 130
(2014) 56.

[28] Dababneh, S., Journal of Environmental
Science and Technology, 48 (2014) 9943.

27






Volume 8, Number 1, 2015. pp. 29-37

Jordan Journal of Physics

ARTICLE

Comparative Study of Soil Radon Concentration Levels Using Active
and Passive Detectors

N. M. Ershaidat, B. A. Al-Bataina and W. S. Al-Rayashi

Department of Physics, Yarmouk University, Irbid 21163, Jordan.

Received on: 16/7/2014;

Accepted on: 30/10/2014

Abstract: Passive radon diffusion dosimeters containing CR-39 detectors, and an active
electronic device, RAD7®, were used for measuring soil radon concentration levels, at
different depths, in a phosphatic site in the city of Irbid, north of Jordan. Time-averaged
values of the active detector readings based on the periodicity of soil radon concentration
levels are compared with measurements of the passive detectors at different depths. An

acceptable agreement is observed.
Highlights

e Soil radon measured using an active detector (RAD7") and a passive one (CR-39).

e Diurnal periodicity of soil radon diffusion and time-averaged values of RAD7" readings.
e The “average” readings of the RAD7" are compared to the measurements of the CR-39.
Keywords: Soil; Radon; Active detector, RAD7®, CR-39 dosimeters; Phosphate.

Introduction

Radon (**’Rn) study and measurements is an
important topic in the applied nuclear and
environmental field. Health hazards due to the
exposure of population to radon and its progeny
for long periods are the motivation behind many
studies in this field. The major source of radon is
soil and rocks beneath it. At least 80% of the
radon emitted into the atmosphere comes from
the top layers of the ground (around 1.5 m) [1].

Radon emanation is associated with the
presence of uranium and its daughter radium in
soil. Different types of rocks have typically
different concentrations of uranium, thus
different concentrations of radon, in soil and in
the air above it. In particular, phosphate deposits
contain the naturally occurring radionuclides
U and **Th together with their decay progeny.
The radon gas belongs to the ***U chain [2]. In
Jordan, phosphate is an important national
economic source. Many regions in the country
are of the type of phosphatic formation. Radon
environmental studies in many locations in
Jordan, where the soil is phosphatic, were

initiated more than 20 years ago. A national
effort for the assessment of radon in dwellings,
soil, water sources, ...ctc. had been carried out
since the early 1990s [3-6]. The present work is
a continuation of this effort.

There are several detection techniques for
measuring radon concentration levels, among
which are solid-state nuclear track detectors
(SSNTD), ion chambers and solid-state
detectors. They are mainly grouped into two
categories: 1) passive diffusion radon dosimeters
using CR-39 detectors [7-8] and the LR115
detectors [9]. 2) active detectors based on
continuous radon sampling requiring an electric
power [10] such as the RAD7® [11] and
AalphaGuard® [20].

In this work, both CR-39 and RAD7", from
Durridge Co., Bedford, MA 01730, USA, have
been used. Time integrated average values for
soil radon concentration levels are obtained
using the CR-39 dosimeters. In contrast, the
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active detector RAD7" gives multiple readings
over a given period of time.

Criteria for comparing these two types are
mainly related to measurement precision and
time needed for performing measurements in
different operational conditions: atmospheric,
landscape, ... etc. [12].

The present comparative study is based on
measurements of soil radon concentration levels
in a phosphatic formation, using an active
detector; RAD7®, in NORMAL mode, and a
passive one; the CR-39 dosimeter.

There are several similar studies in literature.
It is worth mentioning that none of them was
concerned with phosphatic formations.

S. Giammanco et al. [13] made a comparison
between different detection systems for
measuring soil radon concentration levels along
an active fault: the case of the Pernicana fault
system, Mt. Etna (Italy). Three techniques were
used: SSNTDs (CR-39 type), active detector
(RAD7") and soil CO, efflux measurement
devices. Their main conclusion was as follows:
while spot measurements of soil radon using
RAD7" are useful for the quick recognition of
high emission sites to be later monitored for
*’Rn variations in time, SSNTD (CR-39 type)
allow for the temporal monitoring of a relatively
large number of sites, but cannot distinguish
short-term changes due to their long integration
times.

M. Abo-Elmagd et al. [14] measured radon
and its related parameters inside seven ancient
Egyptian tombs of the Valley of the Kings in
Luxor, using passive (CR-39) and active (Alpha-
Guard analyzer) techniques. The measurements
were performed throughout winter and summer
seasons. They concluded that active
measurements are precise and provide fast
results, but cannot be used for a long time. The
CR-39 can be used over long exposure periods;
i.e., this technique is useful in low-radioactivity
measurements.

G. Jonsson et al. [15], in the framework of an
EU-radon project, measured radon levels with
passive, solid state nuclear track detectors of the
types LR 115, CR-39 and Makrofol and with
active electronic devices. They showed that
active detectors are able to give time resolved
data, while passive detectors give time integrated
data.
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Finally, in a recent work, Espinosa et al. [10]
published the results of an intercomparison of
indoor radon data using NTDs (nuclear track
detectors) and four different dynamic recording
systems, including RAD7". Measurements were
carried out in a controlled one-room cellar
carved into volcanic rock presenting an almost
constant radon emanation throughout the four
seasons. Averages of the sum of short-term
measurements over a long period were used in
order to make a comparison with the passive
detectors’ response. Their main conclusion was
that the active electronic devices can give good
account of short-term indoor fluctuations even if
the average radon concentrations of different
monitors differ by 35%. They attribute these
fluctuations to sudden changes in temperature
and humidity of the air in the cellar.

The previous results [10] were based on
averaging over a long period of time (three
months). In this study, the idea is to use the
periodicity of diurnal soil radon concentration
levels in order to find an average over a
relatively short period of time (7 hours).

Methodology
Procedure

and Experimental

Active detectors are designed to be used in
measurements of indoor radon, especially in
dwellings for safety purposes. For measurements
of radon in water samples or in soil, simple extra
accessories are needed.

RAD7", recently acquired, was used for the
first time in this work. It is calibrated by the
manufacturer against a master instrument, which,
in turn, is calibrated against a standard
maintained by the British National Radiological
Protection Board (NRPB), known as HPA
(Health Protection Agency) since 2004. The
overall calibration accuracy is estimated to be
about £5%.

RAD7" is a versatile radon detector. It is a
measuring instrument used in laboratories and
research work by radon testers, mitigators and
home inspectors, in various sites with different
climatic conditions. RAD7" is a computer-driven
electronic detector and easy to use, with pre-
programmed set-ups for common tasks.

The RAD7"'s internal sample cell is a 0.7
liter hemisphere, coated on the inside with an
electrical conductor. A  solid-state, ion-
implanted, planar, silicon alpha detector is at the
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center of the hemisphere. The high voltage
power circuit charges the inside conductor to a
potential of 2000 to 2500V, relative to the
detector, creating an electric field throughout the
volume of the cell.

RAD7" is a sniffer that uses the 3-minute
alpha decay of a radon daughter, without
interference from other radiations, and the
instantaneous alpha decay of a thoron daughter.
It sniffs out entry points and radon gushers and
recovers in minutes from high radon exposures.

The site chosen (latitude 32° 32°, longitude
35° 51°) is in the city of Irbid, Jordan, near the
campus of Yarmouk University. The bedrock is
a mixture of Al-Hisa Phosphatic (AHP)
Limestone and Amman Silicified Limestone
(ASL) formations [16].

A hole was dug and, for averaging purposes,
two previously calibrated CR-39 dosimeters of
closed can technique [6] were placed at 100, 80,
60, 40, 20 and 0 cm depths. Thus, a total of
twelve dosimeters were used. Each time a
dosimeter was planted, the depth was refilled
with the soil extracted while digging. No
external source of soil was used.

All dosimeters were left in situ for 22 days
before being collected, so that radon gas can
reach secular equilibrium with its parent (***Ra).
In order to extract the soil radon concentration

levels, a standard procedure for the treatment of
the dosimeters is followed in a similar manner as
in [6]. A 15% error estimation is also made as in
the previous reference.

When using the active detector, it is essential
to collect radon samples without exposing them
to outside air. For this purpose, a special probe
was devised for this study. A flexible transparent
tube, 0.45 inch in diameter and 10 m in length, is
inserted into metallic pipes of half an inch
diameter. The metallic pipes’ lengths were (10,
30, 50, 70, 90 and 110 c¢m) used for the depths:
0, 20, 40, 60, 80 and 100 cm, respectively. Thus,
each of the latter pipes appears 10 cm above the
soil. The probes were inserted at the same time
as the dosimeters were planted. To avoid
leakages of all kinds, the metallic pipes were
tightly closed. Fig. 1 shows a schematic
representation of the setup. Measurements were
carried out on a daily basis for each depth for
eight hours from 09:00 am to 5:00 pm. Readings
after every half-hour cycle ware registered.
Thus, the total number of readings taken is
sixteen (16). To avoid the effect of deposition of
solid particles (decay products of radon) on the
active detector, RAD7"™ was put off for the rest
of the day between two consecutive sets of
measurement in order to get rid of these solid
daughters.

» Desiccant

RAD7"

L Soil Gas Prob
CR-39
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/:\ =3 100 cm

FIG. 1. Experimental setup - schematic.
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Data were taken from Feb. 26 to March 3,
2011, during the rainfall season in the region.
There was no rainfall during this period and
temperatures of the air registered by RAD7"
ranged between 15.5 °C and 19.4 °C. In addition,
the studied soil represents an acceptable
homogeneity and thus variations of moisture and
water saturation will be neglected in this study
[16].

The first two readings will be low, because
the *'*Po decay rate in the detector takes more
than 10 minutes to reach equilibrium with the
radon concentration in the measurement
chamber. Readings are stored in the RAD7”
memory for later use. Thus, 14 of the 16
recorded readings, for each depth, will be used in
this work.

Ershaidat, Al-Bataina and Al-Rayashi

Because of the high quality alpha
semiconductor detector, and unique real-time
spectral analysis, the RAD7"” background is
vanishingly small and is immune to the buildup
of lead-210, which plagues other instruments.
Intrinsic background may add less than 1 Bq/m’
to a typical measurement, far below the radon
concentration of outdoor air (usually several
Bg/m’ to few tens of Bq/m’). All the previous
details as well as the technique of calculating the
radon concentration levels separately from those
of thoron and corrections due to absolute
humidity and more technical specifications can
be found in the RAD7"” user’s manual [11]. The
practical timetable followed is shown in Table 1.

TABLE 1. Practical timetable for measuring soil radon concentration levels.

Depth (cm) 0 20 40 60 80 100
RAD7" (8 hours daily) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
CR-39 22 days

Results and Data Analysis
The RAD7® Readings

Figures 2-6 show radon concentration levels
using RAD7® (Crup7) for the depths 20, 40, 60,
80 and 100 cm. In most circumstances, the
precision of individual RAD7® measurements of
radon concentration is limited by counting
statistics. In Figs. 2-6, an overall error of £5% is

considered for each individual measurement
instead of using the error given by the device
itself. For the depth z = 0 cm, the maximum
measured value is adopted; namely 1170 Bg/m’.
As explained earlier, the first two readings, for
each depth, are dropped.

Depth 20 cm
100 £=1
A=052 20,04
5=2.10 0,08
08 p_0512003
3 L
& 0.6
04|
02}
..k#
0.0 ! !
0 ) 4 6

3 10 12 14

Time Interval (%)
FIG. 2. RAD7" readings at a depth of 20 cm. See text for the fit details.
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FIG. 3. RAD7" readings at a depth of 40 cm. See text for the fit details.
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FIG. 4. RAD7" readings at a depth of 60 cm. See text for the fit details.
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¥ [}
o 0.6 |
04r
0.2
0.0 1 1 1 1 1 1
0 2 4 6 8 10 12 14
Time Interval (#)

FIG. 5. RAD7" readings at a depth of 80 cm. See text for the fit details.

33



Article

Ershaidat, Al-Bataina and Al-Rayashi

Depth 100 cm
100 <1
A=042 4001
5=2.80 40.05
08 1 p_ 0592001
3 i
U 0.6
04
0.2 |
0.0 L L
0 2 4

8 10 12 14

Time Interval (%)
FIG. 6. RAD7" readings at a depth of 100 cm. See text for the fit details.

The CR-39 Readings

Table 2 shows the soil radon concentration
levels measured using the CR-39 dosimeters
(Ccrso in Bg/m’) for the depths 0, 20, 40, 60, 80
and 100 cm. Each of these measurements is the
average reading of two dosimeters positioned at
a given depth.

Fig. 7 shows a comparison between the two
types of detectors, for the same depths
mentioned above, where the averages of the
RAD7" readings for each depth were considered.

Another possible comparison can be achieved
where the RAD7" data is fitted to a cosine
function. This choice is based on the well
established periodicity of soil radon diffusion

TABLE 2. Cgps9, C

[17-18]. The basic idea is that, for a given depth
z, variation of soil radon concentration with time
follows a similar pattern as the soil’s
temperature. In the appendix below, the major
ideas are discussed.

We actually use the relative quantity, for a
given depth,

C
Cra =022 M

where Crap7 and Cpee are respectively the
reading of RAD7" and the maximum value of
the set of 14 readings of the active detector.

C andC, Fi; for all depths. See text for the definitions.

max?
Depth z (cm) 0 20 40 60 80 100
Cerso (Bg/m) 1390 9682 16778 19817 21720 24206
C, .. (Bym) 1170 7904 25168 28359 23041 17328
C Bgm) 1170 2655 13197 12303 15412 10299
Cri (Bgm) - 2907 15714 13782 17852 11588
c -C
diffy = MXIOO% 16 18 50 43 6 28
CR39
C—Cens|
diff, = ‘ﬂxl(m% 16 73 21 38 29 57
CR39
Cri—Cons
diffy = ‘ L R 100% 74 18 39 27 57
CR39
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3000 F| . &
*
25000 Cers I
- 20000 I l
E i 1=
& 15000 3
L}
10000 Py
1
5000
E 3
0 tI 1 1 1 1 1
0 20 40 60 30 100
Depth 7 (cm)

FIG. 7. C (RAD7®)vs. Ccrao for all depths.

Eq. A7; namely Cp, = ACOS(O)t+5)+B

with @ = 0.262 rad/hour, is used to fit the data
(Cra). The fit parameters are: the dimensionless
offset constants 4 and B and the phase constant

5. The pre-imposed confidence level is 90%.

Figures 2-6 also show the fitting curves, as
well as the resulting parameters of the fit: 4, B
and 9.

Although the periodicity of soil radon
diffusion is admitted to be valid for small depths
(typically 50 cm), the fit here was done for all
depths from 20 to 100 cm. It is being used as a
mathematical tool in order to find a time-
averaged value for the set of readings of RAD7"
for each depth.

This average is defined as:
14
— 1
Criy = Crip7 XE J.(A cos(wt+8)+B) dt
1

)

The obtained values, called (EFit ), are
shown in Table 2. The simple average (C) as
well as (C, ) for each set of the RAD7"

max
measured values are also shown for comparison
purposes. The last rightmost columns in the table
give the following differences:

C -C
dl_ﬁi :| max CR39 XIOO%,
CR39
c-C
diff, = P %100% 3)
CCR39
c-C
diff, = o %100% .
CCR39

Finally, Fig. 8 shows C Fit compared to the
readings of the CR-39 passive detectors.

Discussion

The following remarks can be drawn from the
previous results:

1- Both types of measurements, using the
RAD7" active detector and the CR-39 passive
dosimeters, show that soil radon
concentration levels increase exponentially
with depth as expected and confirmed by
many previous studies [19].

Data fitting to a time-dependent cosine
function, inspired by the variation of the
soil’s temperature, is valid for small depths z
< 60 cm. Extrapolating to larger depths give
acceptable results.

Averages, over a short period of time,
obtained using this fit, give values of soil
radon concentration levels which are
comparable, and in the right range, to
measurements obtained using the passive
detectors.

35



Article

Ershaidat, Al-Bataina and Al-Rayashi

30000 H P
- CF&.E
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0 20 40 60 80 100
Depth ; (cm)

FIG. 8. Cpr;, (RAD7®)vs. Cepso for all depths.

The percent differences, for each depth,
between C C and Cp;, shown in Table 2,
indicate that the average-time values can

represent well the set of readings of RAD7® over
the time period of measurement (7 hours).

max >

Conclusion

Measurements using the RAD7® active
detector and the CR-39 passive radon diffusion
dosimeters show that soil radon concentration
levels increase with depth as expected and
confirmed by many previous studies [19]. The
differences between the two types of detectors
are mainly due to their function modes.

Taking the simple average of a set of readings
of RAD7" over a short period of time gives the

differences (diff, )16%, 73%, 21%, 38%, 29%

and 57% for the depths 0, 20, 40, 60, 80 and 100
cm, respectively.

A standard non-linear least squares fit using a
cosine function (4 cos(wt + 3) + B), where o is
the angular frequency of the rotation of the earth
around the sun, was used in order to smooth the
RAD7" data using the expected periodic
behavior of soil radon concentration with time.
The time-average of this function is taken as
being the “reading” of RAD7" for a given depth.
Comparing  this  time-average to  its
corresponding measurement by the passive CR-
39 dosimeters gives acceptable results.
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The differences in this case (diff; ) are 16%,
74%, 18%, 39%, 27% and 57% for the depths 0,
20, 40, 60, 80 and 100 cm, respectively.

Comparing these differences with those in the
previous paragraph indicates that the time-
averaged values of the RAD7"” readings
“inspired” by the cosine behavior can be well
considered instead of the simple averages over a
short period of time.

Appendix

The temperature of the soil can be obtained
from the solution of the heat equation:

0T
o =
with a heat wave, originating from the sun and
hitting the soil, given by:
T(t) =T, cos(wt + d) atz = 0.

av>T (AI)

(A2)

a is the Fourier coefficient, which is related to
the physical properties of the diffusing medium
as follows. For a medium of density p (g cm™)
and specific heat capacity at constant pressure cp
(J g' K" and thermal conductivity (k (usual
units: W m™" K™), we have:

gk
(pCP) '

Ty is the maximum amplitude of the heat
source (the sun) generally taken to be 15 °C; i.e.,
the average temperature of the earth, ® is the

(A3)
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angular frequency of the earth (o = 7.27x107
rad/s = 0.262 rad/hour) and § is a phase constant.

The temperature field, 7(z.7), at depth z below
the soil/air interface is the solution of the heat
equation with the boundary conditions:

7(0,t)=T,, +T, cos(o?) (A4)
T(oo,t)=T,, , (A5)

where T,, is the average temperature of the soil-
air interface (around 18 °C in this study). This
solution has the form - see details in [18]:

T(zt)=T,+T e "~ cos[a)[t—ijj ,
v

(A6)

where F' is the inverse of the damping width
which is the width at which the amplitude of the
wave is reduced by a factor 1/e and v is the
diffusion velocity.

Taking a, the Fourier coefficient for soil
0.018 em® s'), F=.w/(2a)=0.0449cm™,
v=42aw =0.0016cms™ =5.827cmh™".

The periodic function used for the fit of the
RAD7" data is:

Cp = Acos(wt+8)+B. (A7)

See text for more details on the fit

parameters.
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Abstract: Quasi-index-matched (QIM) dielectric-conductor interfaces are characterized by
a unit-magnitude complex relative dielectric function, & =exp(—;60),0<60 < x, and
exhibit minimum reflectance at normal incidence. Their reflection properties are analyzed
in detail as functions of the incident linear polarization (p or s), angle of incidence ¢ and

6. Complex-plane trajectories of the Fresnel reflection coefficients r, (9), r, (¢) and
their ratio p(@) =r, /r, = tany exp(jA) as¢ increases from 0 to90° are presented at
discrete values of 6. Absolute values and phase angles of 7,, 7 and p are also plotted as
functions of ¢. Finally, the pseudo-Brewster angle of minimum |rp | , the second-Brewster
angle of minimum |p| , the principal angle at which A =7/2 and the special angle
(¢ =sin " /0.5sec 0) at which 0, =arg(r,) =+ of QIM interfaces are determined

as functions of 0.

Keywords: Physical optics; Reflection; Interfaces; Polarization; Dielectric function;

Ellipsometry.
PACS: 42. Optics.

1. Introduction

The reflectance of monochromatic light at
normal incidence by the plane boundary between
a transparent medium of incidence with real

dielectric function £, and an absorbing medium
of refraction with complex dielectric function &,
is minimized when &, = |81 | The complex

relative dielectric function € =&, /¢, of such

quasi-index-matched (QIM) interfaces [1] has
unit magnitude and is expressed in polar form as:

g=exp(—jO),0<0 <. (D

The range of 0 in Eq. (1) is consistent with
the exp(—jwt)time dependence (j is the pure
imaginary number and @ is the angular
frequency) and the Nebraska-Muller conventions
[2]. Specific examples of interfaces that satisfy
the QIM condition in different spectral regions
are given in Appendix A.

For a given &, the complex-amplitude
Fresnel reflection coefficients of p- and s-
polarized light at an oblique angle of incidence
¢ are given by [3, 4]:

Corresponding Author: R. M. A. Azzam
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. scosp— (e —sin’ ¢)"?

P gcosg+(e—sin’ ¢)?’ @)
2 N2
- cos¢— (& —sin (175)1/2 . 3)

cos¢ + (¢ —sin’ @)
At normal incidence (¢ = 0),the reflection

coefficients 7,7, of QIM interfaces with unit-

magnitude relative dielectric function [Eq. (1)]
reduce to:

r, =—jtan(0/4),r, = +jtan(6/4). 4

From Eqs. (4), it is apparent that the
reflection p- and s-polarized light at normal
incidence by QIM interfaces is accompanied by
quarter-wave (F7/2)phase shifts and that the
associated amplitude reflectances are equal to
the tangent of one-fourth the angle 6 of complex
E.

In this study, the reflection
coefficients r,, ;, and ellipsometric function [3,

5],

complex

p=r,/r, =tany exp(jA)
_singtang— (¢ —sin’ ¢)"’ ®)
sin ¢ tan ¢ + (¢ —sin” ¢)"'*’

of QIM dielectric-conductor interfaces are
considered in detail as functions of both¢ and

0.

In Section 2, complex-plane trajectories of 7,
and 7, as the angle of incidence ¢ increases
from ¢ = 0 [initial values given by Egs. (4)] to
¢ =90"[r,= r,=—1] are presented at discrete
of 6 in the range0<6<180".

Amplitude reﬂectances|rp 7,

values

and phase shifts

B

o, =arg(r,), O, =arg(r,)are also plotted as

functions of ¢ at the same discrete values of 6.

of  p(9),

0 <¢ <90°, in the complex plane and graphs of
and A

versus ¢ at constant values of € are presented.

In Section 3, trajectories

the ellipsometric parameters tany

In Section 4, the pseudo-Brewster angle of
minimum reflectance for incident p-polarized
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light [6 - 9], the principal angle at which the
differential reflection phase shift A=x/2[7,
10], the second-Brewster angle of minimum

reflectance ratio | p| [11] and the special angle at
which the reflection phase shift of p-polarized
light &, =+7[12] are all determined as

functions of @ for all QIM dielectric-conductor
interfaces.

Section 5 gives a brief summary of this work.

2. Reflection Coefficients of p- and s-
Polarized Light at QIM Dielectric-
Conductor Interfaces

Fig. 1 shows the complex-plane trajectories
of r, (¢)as¢ increases from O [initial values
r,(0)along the negative imaginary axis ON
given by Egs. (4)] to 90°(r,=—1 at point G) for
QIM  dielectric-conductor  interfaces  with
0=0.1"and 8 =10"to 180°in equal steps of
10°.

Note that € = 0 represents a vanishing optical
interface withe =1, so that r,= 7= 0 at all

angles of incidence and the corresponding
trajectory collapses to a single point at the origin

O. For 6 =180°and& =—1 (an ideal dielectric-
plasma interface), total reflection takes place

|rp|=|rs|=1at all incidence angles, and the

corresponding locus of r,(¢) becomes the arc

NG of the unit circle in the third quadrant of the
complex plane. The ¢- dependent phase shift

along this unit-circle arc is derived from Eq. (2)
as:

6,(9)=-2 tan '[(1+sin”¢)"? /cosg].  (6)

The top and bottom parts of Fig. 2 show the
amplitude and phase plots |f'p |(¢) andd ,(¢),

respectively, for @ =0.1°and 8 =10°to 180°in
equal steps of 10°. The pseudo-Brewster angle

¢, of minimum |rp| is < 45" for all values of

0, as is discussed further in Section 4. The
angles of incidence at which &, =+180

(located at the vertical transitions in the
0, —vs—¢curves) are also determined in

Section 4.
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FIG. 1. Complex-plane trajectories of r, (¢)as¢ increases from 0 [initial values r,(0)along the negative
imaginary axis ON are given by Egs. (4)] to 90°(7,=—1 at point G) of QIM dielectric-conductor interfaces
with @ = 0.1"and € =10° to 180° in equal steps of 10",
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= 06F
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-200 : !
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FIG. 2. Amplitude reflectance |rp |(¢) , top, and phase shift &, () , bottom, as functions of incidence angle ¢ for
QIM interfaces with@ = 0.1°and @ =10°to 180° in equal steps of 10°.

Fig. 3 shows the complex-plane trajectories imaginary axis ON [given by Egs. (4)] and the
of 7 (@)as¢ increases from 0 t0o90°, with  same 0 values used in Fig. 1. In the limiting case

initial values 7,(0)located on the positive of 6 =180, the locus of 7,(¢)is the arc NG of
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the unit circle in the second quadrant of the
complex plane. The associated ¢- dependent

phase shift J,(¢) equals the negative of &, (¢)
given by Eq. (6).
The amplitude reflectance of s-polarized light

r,|(¢)and associated reflection phase shift

1 T T

R. M. A. Azzam

0, (@) are plotted in the top and bottom parts of
Fig. 4, respectively. Both |’}| and O, increase

monotonically with ¢ from normal to grazing
incidence.

0.9

0.8

0.7F
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05F

Im(rs)

04F

0.3F

02F

01F

#=01°

-0.8

-0.6

-0.4 0.2

Re(rs)

FIG. 3. Complex-plane trajectories of r (¢)as¢ increases from O [initial values 7,(0)along the positive

imaginary axis ON are given by Egs. (4)] to 90°(r,=—1 at point G) of QIM dielectric-conductor

interfaces with @ = 0.1°and @ =10°to 180" in equal steps of 10°.
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b
[ee]
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FIG. 4. Amplitude reflectance |7,

80

(¢), top, and phase shift 5, (¢4), bottom, as functions of incidence angle ¢ for

QIM interfaces with@ = 0.1°and @ =10°to 180° in equal steps of 10°.
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3. Ellipsometric Function of QIM
Dielectric-Conductor Interfaces

Fig. 5 shows trajectories of the ratio of
complex reflection coefficients
p=r,/r, =tany exp(jA) as ¢ increases
from normal to grazing incidence for QIM

dielectric-conductor interfaces at the same 6
values used in Figs. 1 and 3. All curves start at

p=—-1 when ¢=0(point N) and end at
p=+1 when ¢ =90"(point G). The point of

intersection of each curve with the imaginary
axis (represented by the vertical dashed line in

Fig. 5) defines a unique principal angle ¢,, at

which A=90". Dependence of ¢,,on 0Ois
presented in Section 4.

The top and bottom parts of Fig. 6 show
tany and A, respectively, as functions of ¢
along each one of the contours in Fig. 5. The
A—vs—¢curve at @ =0.1"is nearly a step
function with vertical transition of Afrom 180"
to 0°located at ¢ =45", which is the second
Brewster angle at which tany = 0.

In Fig. 6, the A—vs—¢curve at 6 =180"is
described by:

A(g) = o
360" —4tan'[(1+sin” @)"'* / cos B].

Im(p)

180°

-1 -0.5

Re(p)

FIG. 5. Trajectories of the ellipsometric function p(@) =r, /r, = tany exp(jA) as ¢ increases from 0 to

90° for QIM dielectric-conductor interfaces with @ = 0.1 and @ =10° to 180" in equal steps of 10°.
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306
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< 100
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FIG. 6. Ellipsometric parameters tan i and A as functions of ¢ along each one of the contours shown in Fig. 5.
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4. Special Angles of Incidence
Associated with Light Reflection at
QIM Dielectric-Conductor Interfaces

The pseudo-Brewster angle ¢, of minimum

|rp| of a QIM dielectric-conductor interface is

determined by solving the following cubic
equation [9]:

au’ +au’ +au+a, =0, 8)
in which u =sin’ 9,5 and
a, =2cos0+2,
a,=a, =-2, 9
a, =1.

Likewise, the principal angle ¢,,at which

A=90°[10] is obtained by solving another
cubic equation [Eq. (8)] with u =sin’ ¢,, and
coefficients given by:

a,=a, =2cos0+2,
a, =2-2a,, (10)

a,=-1.

The second-Brewster angle ¢,,of minimum

|p| of a QIM interface is determined by solving
a quartic equation [11],

au' +au’ +au’ +au+a, =0, (11
with u =sin’ ¢,, and
ay = tan(@/2)—sin 6,
ay = 2sin 8 —0.5tan(0/2),
ay = 0.5tan(@/ 2)[sec2 (0/2)—2cos6-8],r (12)

a; = 0.5tan(0/)[tan” (0./2) + 51,

dy = -0.5tan(8/ 2)sec”(0/2).

Egs. (12) are obtained by substituting
& =exp(—j0)into Egs. (15), (18), (19) and (23)
of [11] and applying several trigonometric
identities.
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Finally, the angle at which &, = +7 [12] (at

vertical transitions shown in the bottom part of
Fig. 2) is given by:

9@, =+7)=sin"'/0.5sec . (13)

This angle exists only within the limited
range 0 <6 <60".

In Fig. 7, the four special angles of incidence
G ,5-P5> Pps and ¢(6, = +r), calculated from
Egs. (8) — (13), are plotted as functions of @ . As
60 —0(.e., for a vanishing optical interface) all
angles converge to ¢ =45, which is represented
by the horizontal dotted line in Fig. 7. Note that
9,5 <45 for all QIM interfaces; the four angles

diverge apart as € increases; and ¢, <@, <

@p, over the full range 0 <6 <180°; an order
that holds true for all values of complex ¢.

Table 1 lists ¢

5> $r5and @, for values of 6
from0°to 180° in equal steps of 30°. The fourth
angle ¢(6,==+m) is not included, as it is
readily obtained from Eq. (13).

All calculations and figures presented in this
paper are obtained using Matlab [13]. The
precision of determining the angles presented in

Table 1 is better than 0.01°.

5. Conclusion

Detailed analysis of the reflection of p- and s-
polarized light by quasi-index-matched (QIM)
dielectric-conductor interfaces of unit-magnitude
relative dielectric function,
g =exp(—j0),0<60 <r,is presented. Figures
1, 3 and 5 show the complex-plane trajectories of

r 7 and function

s g ellipsometric

p=r,/r, =tany exp(jA), respectively, as ¢

increases from 0 to 90° at discrete values of 0 in
the range 0 < 0 <180°.

Amplitude reﬂectances|rp r,|, their ratio,

B

=tany and reflection phase shifts

ol =Ir, /7,
o, =arg(r,), 6, =arg(r,)and A=5,~3, are
shown in Figs. 2, 4 and 6, respectively, as
functions of ¢ at constant values of 6.
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FIG. 7 Special angles of incidence ¢,

100 120 140 160 180
g

B,¢23, ¢PA and ¢(5p ==7),of light reflection at QIM interfaces,

calculated from Egs. (8) - (13), are plotted as functions of 6. All angles are in degrees.

TABLE 1. Pseudo-Brewster angle@,,of minimum|rp

, second-Brewster angle ¢,,of minimum | p|

and principal angle ¢,,at which A =7 /2 of QIM interfaces at selected values of @ (top row). All

angles are in degrees.

0= 0 30 60 90 120 150 180
D, 45.00 4352 41.22 3941 3817 3746 37.23
b5 45.00 4520 4636 4830 50.16 5140 51.83
Dp, 45.00 46.79 50.44 53.60 55.69 56.86 57.24

Finally, the pseudo-Brewster angle ¢ ,of

mmlmum|rp , the second-Brewster angle ¢,,of

minimum |p , the principal angle ¢,,at which

A=r/2 and the angle at which &, =+ are

plotted in Fig. 7 as functions of 6 for all
possible QIM dielectric-conductor interfaces.

The results presented in this paper illustrate
the physical optics aspects of light reflection by
a unique set of interfaces with unit complex
relative dielectric function. Light reflection by
nearly vanishing interfaces is represented by the
curves for 8 =0.1%in Figs. 1 — 6. Examples of
QIM interfaces in different parts of the optical
spectrum are given in Appendix A.

Appendix A: Examples of QIM

Interfaces

1. At the IR wavelength A =3um, fused silica
is transparent with refractive index n =
1.4193 (calculated from a dispersion relation
given by Malitson [14]) and water is
absorbing with complex refractive index
N=n-jk=1371-0.272 at 25°C (from
the tabular data of Hale and Querry [15]). The
fused silica-water interface is characterized
by &=(N/n)> =0.9699 exp(—j22.443"),
so that QIM is almost satisfied. It may be
possible to achieve |8| =1 by changing

temperature.
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2. At the visible wavelength A =500 nm, QIM
is satisfied at the interface between a
transparent liquid with » = 2.060 (e.g.
Cargille Optical Liquid Series EH [16]) and
Au substrate with N =0.8472— j1.8775
(interpolated form data given by Lynch and
Hunter  [17]); for  such interface

£ =0.9998 exp(—j131.427°).

R. M. A. Azzam
3. Metals have fractional optical constants
g,=n’—k’and & =-2nkin the vacuum

ultraviolet (VUV). Fig. 8 shows the real part
&,,imaginary part,— &, and absolute value,
abs(g),of the complex dielectric function ¢
of Au versus wavelength A in the 36 to 46 nm
spectral range [17]. QIM (abs(g)=1) at the
vacuum-Au interface is satisfied at point M at

A =39.1nm.

1.3 T T

1.2r

1.1r

0.9

0.8

I

, - &, abs(g)

0.7r

&
r

0.6

0.5

04

36 38 40

42 a4 46

A (nm)

FIG. 8. Real part, £, imaginary part,— &, and absolute value, abs (&), of the complex dielectric function of

Au, e=(n—jk )2, are plotted versus wavelength Ain the 36-to-46 nm VUV spectral range. QIM is
satisfied at point M. Optical constants n and k of Au are those of [15].
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.Matlab CR-39

Computer Algorithm for Counting and Measuring Alpha Particles Track
Diameters in CR-39 Detectors

Mushtaq Al-Jubbori and Salah Al-Shumaisy
Department of Physics, College of Education for Pure Science, Mosul University, Mosul, Iraq.

Abstract: This work is concerned with the design and test of a Matlab-2012 computer algorithm
capable of performing image processing operations on digital images of alpha particles tracks on
CR-39 detectors. The software measures the diameters of individual tracks separately and registers
the measured value of each diameter on the digital picture. It also calculates the mean and standard
deviation for all tracks within any particular view. In addition to the enhanced measurement
accuracy resulting from the elimination of sources of human errors associated with microscope
measurements, the software saves a great deal of manual effort compared with the method currently
being used for the study of nuclear tracks. The use of the software in the analysis of 2, 2.5, 3.1 MeV
alpha particles tracks on CR-39 detector etched with 6.25 N NaOH solution at (70+1)°C resulted in
the ability to reach some empirical relations describing the tracks diameters as functions of alpha
particles energy and etching solution temperature.

Keywords: CR-39 detectors; Alpha diameters modeling; Empirical relations; Matlab.
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Effects of Chemical Solution Temperature on the Bulk Etch Rate of the
Detector CR-39

Sa'eed Hassan Sa'eed Al-Nia’emi
Physics Department, College of Education for Pure Scince, Mosul University, Iraq.

Abstract: The effects of chemical etchant temperatures on the bulk etch rate V'3 of CR-39 SNTDs
were investigated. The bulk etch rate is determined through direct measurement of "length-diameter
Le-D" of alpha-particles track in the detector. Alpha-particles irradiations were made with energy of
2.5MeV under normal incidence radioactive source **'Am of an activity of 1 pCi. The detector is
etched by an aqueous solution of NaOH/water with 6.25 normality N in the temperature range (55,
60, 65, 70) =1 °C. The lengths and diameters of alpha-particles tracks are directly measured from the
tracks images obtained from the irradiated detector. It was found that the bulk etch rate is
exponentially increasing with the temperature of the solution and its values ranged between (1.1022-
1.424) um.h'1 in the above temperature range.

Keywords: CR-39; Track etch; Alpha particle; Nuclear track detector.
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